Characterization of fungi in indoor environments is a methodological challenge because there is no gold standard for the sampling and analytical methods to measure specific fungal agents that are reportedly associated with human health. These agents could involve fungal allergens, inflammatory cell wall components, nucleic acids, proteases, secondary metabolites, as well as microbial volatile organic compounds. Of these, secondary metabolites have not been normally considered as biologically significant in regards to health outcomes in indoor epidemiological studies. had a potential link to fungi with levels ranging from 0.04 (minimum for alternariol monomethylether) to 5700 ng/g (maximum for neoechinulin A). The number of fungal metabolites quantified per sample ranged from 8 to 16 (average = 13/sample). We identified 216 fungal operational taxonomic units (OTUs) with the number per sample ranging from 6 to 29 (average = 18/sample). We identified 37 fungal species using culture, and the number per sample ranged from 2 to 13 (average = 8/sample).
health are still not well understood although protective effects of fungal metabolites or mycotoxins with respiratory health in building occupants have been reported in some studies. 3, 4 This field has been understudied primarily because of the lack of available methods to simultaneously analyse multiple metabolites in environmental samples.
5,6
Sequencing of fungal DNA in indoor environmental samples has been considered a promising platform used to further our understanding of the effects of previously overlooked microbes on indoor occupants' health. 7, 8 However, like secondary metabolite screening methods, DNA sequencing remains an unstandardized approach that can potentially produce a bias towards certain fungal species. 9, 10 Similarly, traditionally utilized viable culture methods are limited to the selection of viable fungal propagules biased towards the Ascomycota that are capable of growth on the selected nutrient medium. 11 Considering the limitations of each of these methods, it is important to understand whether results using the different methods would provide consistent information on fungal characterization in indoor environments.
In our study, we compared the results of 3 different fungal measurement methods (viable culture, ITS region sequencing and microbial secondary metabolites) using 28 floor dust samples (22 samples for ITS sequencing) that were available from a study of a water-damaged office building with a cluster of sarcoidosis and asthma. 12 Dampness and mold-related environmental conditions of the building and occupants' health have been described in detail elsewhere. 12, 13 We examined whether these 3 analytical methods
provide consistent results about abundance or diversity of fungi, and what kinds of fungal secondary metabolites are present in floor dust.
| MATERIAL S AND ME THODS
We collected floor dust samples from 120 rooms or cubicles in the study building that had a history of water incursions. The sampling and dust processing method have been previously described. 12 Briefly, we vacuumed floor dust in a polyethylene filter sock (Midwest Filtration Company, Fairfield, OH, USA) using a standardized sampling protocol. In the laboratory, hair, lint and other larger objects were removed from each sample and the dust was transferred into a conical tube. Then dust was homogenized by rotating on a 360-degree rotary arm shaker (ATR, Inc., Laurel, MD, USA) at 65 r.p.m. for 2 hours before partitioning into aliquots for various analyses. All dust samples were analysed for culturable fungi and bacteria, (1→3)-β-D-glucan and endotoxin as previously described. 12 For the current comparison study, we analysed 28 of those 120 samples for microbial secondary metabolites and 22 of those 28 (6 samples did not have enough dust to run the analyses) for fungal DNA. and LGCPromochem GmbH (Wesel, Germany). Reverse osmosis water was further purified through PURELAB Ultra System (ELGA LabWater, Celle, Germany). We prepared stock standard solutions of each metabolite by dissolving the solid substance in acetonitrile, acetonitrile/water 1:1 (v/v), methanol, methanol/water 1:1 (v/v) or water.
We prepared 34 combined working standard solutions by mixing the multiple individual stock solutions for easier handling and stored at −20°C. The 34 combined working solutions were then mixed to prepare final working standard solution for 509 metabolites (Table S1 ).
| Sample preparation
To quantify metabolites, 30 mg dust aliquots were extracted with 
| LC-MS/MS parameters
We screened 509 target microbial secondary metabolites with Practical Implication
• We compared 3 fungal analytical methods by analysing floor dust samples collected from an office building for fungi using viable culture, internal transcribed spacer (ITS) sequencing and secondary metabolites using liquid chromatography-tandem mass spectrometry.
• We found that each of the 3 measurement methods in our study had its own strengths and weaknesses and produced unique information on fungal contamination.
• However, if we use only one measurement method for exposure assessment in epidemiological studies, there is always possibility of potentially significant misclassification in fungal exposure.
• Our study findings suggest that using multiple measurement methods may provide an improved understanding of fungal exposures in indoor environments and that secondary metabolites may be considered as an additional source of exposure.
(Agilent, Waldbronn, Germany). The chromatographic method and chromatographic and mass spectrometric parameters ( Gram-negative bacteria and incubated for 7-10 days. 12 Fungal species were identified by examiners with expertise in identifying fungi based on morphological and physiological characteristics as previously described. 12 We used Limulus amoebocyte lysate assay to analyse for (1→3)-β-D-glucan and endotoxin as described previously.
16,17

| Statistical analysis
We evaluated Pearson correlations among metabolites; between metabolites with >20% prevalence and culturable fungi, bacteria, (1→3)-β-D-glucan or endotoxin; and among the number of OTUs, number of cultured species and number of metabolites. We computed kappa statistics to evaluate agreement in identification between culturing and DNA sequencing for fungal genera with at least 20% prevalence in either culturing or DNA sequencing.
We performed all statistical analyses with SAS 9.3 (SAS Institute
Inc., Cary, NC, USA) and considered P-value <.05 as statistically significant.
| RE SULTS
| Microbial metabolites
We identified 32 metabolites (out of 509 tested for listed in Table   S1 ) from 28 samples, but 7 of the 32 metabolites were found in only one sample ( Figure 1 ). The number of metabolites identified 6.2 to 4200 ng/g for asperglaucide; 1.2 to 120 ng/g for emodin;
and 0.4 to 4.7 ng/g for averufin.
Some metabolites were weakly to moderately correlated with each other (Table 2) , and the strongest correlations were found between brevianamide F and cyclo(L-Pro-L-Tyr) (r = .92, P < .05) and integracins A and B (r = .82, P < .05). Significant negative correlations
were also observed between asperglaucide and 3-nitropropionic acid (r = −.51, P < .05), and linamarin and asperglaucide (r = −.40, P < .05).
| Fungal DNA sequencing, cultivable fungi and other microbial indices
We previously reported 216 different fungal OTUs from 22 sam- Aspergillus (50%) and Mucor (36.4%), were also frequently detected.
Other detailed findings of DNA sequencing have been previously published.
11
Geometric mean (GM) of total cultivable fungi in 28 dust samples was 36 000 CFU/g with large variability (geometric standard deviation, GSD = 9.12). We identified 37 fungal species and the most frequently cultured included Penicillium chrysogenum (92.9%), followed
by Cladosporium sphaerospermum (82.1%), E. nigrum (78.6%), Phoma coelomycetes (67.9%) and Aureobasidium pullulans (53.6%; Figure 4 ).
Of these, P. chrysogenum (GM: 6000 CFU/g), P. coelomycetes (3600 CFU/g) and C. sphaerospermum (2700 CFU/g) were found in higher concentrations than the other 2 species (<1300 CFU/g). 
| Comparison of results from different methods
Total cultivable fungi and Penicillium were well correlated with averufin (r = .60 and.54, respectively; P-values <.05), neoechinulin A (.61 and .57) and asperglaucide (.78 and .54; Table 3 ). Measurements of glucan were also correlated with averufin (.43), skyrin (.54) and lotaustralin (.52), but these correlations were weaker than those of cultivable fungi. Total bacteria were also significantly correlated with averufin (r = .51). Asperglaucide was significantly correlated with
Aspergillus species (r = .58, P-value <.05). Both endotoxin (r = . 39) and Gram-positive bacteria (.55) were significantly correlated with asperglaucide. While cultivable Gram-positive or negative bacteria
were not correlated with dipeptide cyclo(L-Pro-L-Tyr), endotoxin was significantly correlated (r = .50).
From 22 samples analysed by both viable culture and fungal
DNA sequencing, we found 4 fungal genera that were exclusively identified from culturing but not from DNA sequencing. These included Acremonium, Paecilomyces, Ulocladium and Eurotium. In addition, the yeast Sporobolomyces was cultured in 21.4% of samples, but DNA sequencing identified Sporobolomyces foliicola in only one sample. On the other hand, there were at least 90 fungal genera that were not cultured using 3 selected media (malt extract, dichloran glycerol 18 and cellulose agars) but were identified using DNA sequencing. Of these 90 fungal genera, Ustilago, Cryptococcus, Trichosporon and Rhodotorula that belong to phylum Basidiomycota were the most prevalent. We examined the agreement using kappa statistics in identification of fungal genera between culturing and DNA sequencing methods within the same (Table 4) . 18 Except for Aspergillus, Epicoccum and Pithomyces that showed moderate to weak agreement (kappa = 0.27, 0.14, and 0.11, respectively), the agreements for other fungal genera detected using the 2 methods were poor (kappa < 0.07). Within the same sample, the genera Alternaria, Botrytis, Chaetomium and The average number of OTUs identified per sample (average = 18)
was significantly (P < .001) higher than that of cultured fungal species (average = 8; Figure 3 ). The number of cultured fungal species per sample was weakly correlated with the number of fungal OTUs (r = .28).
The number of fungal secondary metabolites per sample was not correlated (r = .09) with the number of fungal OTUs. However, the number of fungal secondary metabolites per sample was weakly correlated with the number of cultured fungal species (r = .24). These correlations
were not statistically significant (P-values >.1).
| D ISCUSS I ON
We compared 3 measurement methods for fungal propagules Nidurufin found in about 10% of the samples is the direct precursor of averufin. 4, 37 Versicolorin C is also a biosynthetic precursor of afla-
toxins, but we found in only about 10% of samples.
32
Widespread brevianamide F (93% prevalence) can be produced by Penicillium brevicompactum and neoechinulin A (75% prevalence) by Aspergillus ruber (Eurotium rubrum) or Aspergillus amstelodami (Eurotium amstelodami). 32 Of these fungi, we only
The number of fungal operational taxonomic units (OTUs), cultured species and secondary metabolites for each analysed sample and the correlation between them. *Samples were not analysed for fungal DNA due to insufficient quantity of dust available for the analysis found E. amstelodami in 14% of the dust samples using viable culture. A Japanese study has isolated asperglaucide, one of the most prevalent metabolites in our study, from the organic extract of the xerophilic fungi Aspergillus restrictus and Aspergillus penicillioides. 38 However, we only detected A. penicillioides from one sample with culturing and 13.6% of samples with DNA sequencing. Integracin B was more prevalent than A (93% vs 71%), and they are produced by the endophyte, Cytonaema species 39 and Cytospora species 40 which were not identified in our samples. Alternariol MME, which has been also found in tobacco, grain sorghum and pecans, are produced by Alternaria tenuis, Alternaria dauci and Alternaria cucumerina. 32 and they were not identified in our samples. Although the prevalence of secondary metabolites potentially associated with Penicillium and Aspergillus were generally high, DNA sequencing revealed a broad spectrum of fungi placed in the phyla Ascomycota as well as the Basidiomycota. The current analyte panel contains many fungal secondary metabolites derived from commercially available standard materials that are predominantly represented by taxa placed in the phylum Ascomycota.
Although our data provided further insight into the diversity of secondary metabolites produced by traditionally studied fungal species such as A. versicolor, A. ustus and E. amstelodami, the ITS region sequence analysis also identified many Ascomycota and Basidiomycota species whose secondary metabolite profiles may remain relatively uncharacterized. This suggests that the discordance between secondary metabolites and ITS region sequencing could be due to a lack of secondary metabolite coverage of understudied Ascomycota (eg P. chartarum) as well as Basidiomycota species (eg U. syntherismae).
The European HITEA study reported loads (pg/cm 2 ) of 30 metabolites identified in 675 settled dust swab samples from schools using the same HPLC-MSMS method as ours. They found geographical differences in metabolite profiles and higher number of metabolites (with higher loads: >1.0 or 10 pg/cm 2 ) in water-damaged (index) schools compared to reference schools with emodin, enniatin B
and physcion being the most prevalent metabolites (<23% for index schools). In the present study, we identified emodin in all samples and physcion in 10.7% of the samples, but found no enniatins. 41 The LUKAS2 birth cohort study in Finland also reported 42 different metabolites from 90 residential building samples with the same analytical method, and the prevalent ones included chloramphenicol, alternariol, alternariol MME, averufin, 3-nitropropionic acid, brevianamide F, skyrin, emodin, physcion, tryptophol, sterigmatocystin, enniatins, moniliformin and monocerin. 4 The concentrations of all metabolites in their study ranged from 10 to 2900 ng/g, which is less variable than ours (0.04-5700 ng/g). Another Finnish study of species and that the dust-specific extraction method significantly affected the fungal diversity detected using ITS region sequencing.
Bellemain et al 9 also showed that various fungal ITS region primers for PCR amplification produced widely different proportions of amplified sequences, especially under strict PCR conditions. They also found that some primers had a taxonomic bias that favoured certain fungal taxa (some favoured ascomycetes and others basidiomycetes).
In addition, the primer mismatches with the target sequence occurred differentially across the fungal taxa under the relaxed PCR conditions. The shorter DNA amplicons (number of base pairs) were also more favourably amplified than longer ones, which resulted in taxonomic bias (more ascomycetes than basidiomycetes) especially when ITS2 region was targeted. 9 High similarity in sequences within the ITS2 region between Aspergillus and Penicillium and among species within Alternaria and Cladosporium in both ITS regions could also lead to inability to identify to species level. 45, 46 Taking these limitations into consideration, continued studies are required to further develop and standardize this rapidly evolving field of analysis although ITS region sequencing enables the identification of viable and non-viable fungal diversity.
In conclusion, each of the 3 measurement methods in our study had its own strengths and weaknesses and produced unique information on potential fungal exposures. Furthermore, these methods complemented each other. On the other hand, if we use only one measurement method for exposure assessment in epidemiological studies, it should be noted that there is always possibility of potentially significant misclassification in fungal exposure. The ideal approach would be to use multiple measurement methods for various microbial agents to better understand real exposure situations.
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